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Performance evaluation of a novel frost-free air-source heat pump integrated
with phase change materials (PCMs) and dehumidification
Abstract
Air-source heat pump (ASHP) has been widely used in domestic and commercial buildings because of its
energy savings, high efficiency and environmental friendliness. However, the heating capacity of an ASHP
system is greatly influenced by the frost accumulation on the surface of the outdoor exchanger. To solve
this problem, a novel frost-free ASHP system, integrating with Phase Change Materials (PCMs) and
dehumidification, has been developed. In this paper, the schematic design of this system is first
presented. The effect of the match relationship between the desiccant materials and PCM thermal energy
storage on the performance of the novel system is then studied using a dynamic mathematical model.
The simulation results showed that the dehumidification efficiency was increased from 31.8 % to 34.7 %
with the increase of the solid desiccant mass from 1.9 kg to 3.5 kg when the volume of the PCM was
1000 ml. The system COP was 2.87 when the desiccant was 2.2 kg and the volume of PCM was 1100 ml
at a relative humidity of 80 % and ambient temperature of 0 °C. In addition, the water temperature was
heated to 55 °C in one cycle which decreased the irreversible loss. Lastly, a correlation of the system COP
with the amount of the solid desiccant and the PCM was obtained through a multivariate linear
regression. The results obtained can facilitate optimal design and dynamic behavior investigation of this
system.
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1. Introduction
Energy consumption of buildings has come into a focus around the world. Air-source heat pumps(ASHPs) have
been widely used for space heating in both domestic and commercial buildings due to their high energy efficiency
and environmental friendliness. However, the major problem of the ASHP system is that the heating capacity and
coefficient of performance (COP) decrease at the extreme cold days because of the frost accumulation on the surface
of the outdoor exchanger. It is, therefore, important to seek alternative methods to overcome the performance
degradation.
To date, the common methods used include the reverse-cycle defrosting (RCD) [ 1 ][ 2 ],electric heat
defrosting(EHD) [3][4], and hot-gas bypass defrosting (HGBD) [5][6].
The efficiency of the traditional EHD method was low, and can cause an unfavourable storage temperature
fluctuation. To solve this drawback, a novel defrosting method with air bypass circulation and electric heaters was
proposed by Yin et al.[7]. The results from the experiments showed that the defrosting time and defrost energy
consumption were reduced by 62.1% and 61.0% respectively, compared with the traditional EHD method. To
quantify the performance drop of the ASHP system under the frosting condition, a field test was conducted by Wang
et al.[8]. The results indicated that more than 60% frost area of the evaporator was mal-defrosted after five-day
operation, and the COP was only 2.3 during the frosting period. To evaluate the effect of different throttle openings
on the defrosting performance, a transient mathematical model was developed by Steiner and Rieberer[9]. Huang et
al.[ 10 ] compared the defrosting performance between the RCD method and the HGBD method. The results
indicated that the RCD defrosting time was shorter than HGBD, but the thermal comfortable of using the HGBD
method was better than that using the RCD method. Hu et al.[11] performed an energy analysis on the different
components during the defrosting period using the HGBD method. The results showed that the energy consumed for
melting the frost, heating the evaporator tubes and fins, and increasing the internal energy of the gas cooler were
35%, 7.6% and 57.4%, respectively.
The main focus of these methods is to decrease the defrost effect after the frost accumulated on the surface of
its outdoor coil. Recently, some new technologies such as liquid desiccant or solid adsorbent have been developed to
dehumidify the outdoor air before entering into the evaporator to prevent the ASHP system from frosting[12][13].
Zhang and Saikawa[14]proposed a frost-free air-source heat pump water heater (ASHPWH) system with
integrated a solid desiccant. A numerical simulation was carried out and the results showed that the system COP was
5-30% higher than that of the HGBD method at the temperature of -7-5.5°C and the relative humidity (RH) of 6080%. Wang et al.[15] discussed a method to prevent the ASHP from frosting by using the solid adsorbent of zeolite.
The simulation results showed that the frost problem of the outdoor heat exchanger was resolved and the air pressure
loss was low when it passed through the adsorbent bed. Wang et al. [16][17][18][19]proposed a novel frost-free
ASHPWH system. The experimental and simulation results showed that the system performance was better than the
conventional ASHP system at the low temperature conditions. However, the regeneration efficiency of the extra heat
exchanger coated by a solid desiccant (EHECSD) was only 66 % at the temperature of -3.0 °C and the RH of 85%.
For the novel frost-free ASHPWH system, the unreasonable matching between energy storage and
dehumidification devices may not only result in a low regeneration efficiency, but also affect the COP of the whole
system. Therefore, the primary objective of this study is to investigate the system performance under the different
scenarios with different amounts of the PCM (CaCl2·6H2O) and solid desiccant (silica gel).The description of the
novel ASHPWH system is first reported. The system performance curves and quantitative analysis are then obtained
from the numerical simulation. Finally, a correlation of the system COP with the amounts of the solid desiccant and
the PCM used is developed to facilitate the evaluation of the system performance.
2. System description
Figure 1 shows the schematic diagram of the novel frost-free ASHPWH system. It mainly consists of a rotary
compressor, a water tank (condenser), four solenoid valves, an energy storage device (ESD), three electronic
expansion valves (EEVs), an EHECSD and an outdoor exchanger. The system can operate under the heating mode
and the regeneration mode.
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Nomenclature
A
area, m2;
H
length of cylinder, m;
Q
heating capacity, kW;
R
thermal resistance, m2•K•W-1;
T
temperature, °C;
Le
Lewis;
cp
specific heat capacity, J•(kg•K)-1;
h
specific enthalpies of the refrigerant, kJ•kg-1;
-1
m
mass flow rate, kg•s ；
qst
adsorption heat of solid desiccant, kJ•kg-1;
2
-1
r
heat coefficient of the evaporator, W•(m •K) .
Greek letter
α
transfer coefficient, W•(m2•K)-1;
ε
latent heating mass transfer coefficient, W•(m2•K)-1;
τ
time, minutes.
Subscripts
a
air;
f
fluid;
i
inner;
o
outer;
r
refrigerant;
w
water;
in
inlet.
Abbreviations
ASHP air-source heat pump;
COP
coefficient of performance;
DA
dry air;
EA
exhaust air
EHECSD
extra heat exchanger coated with a solid desiccant;
ESD
energy storage device;
EEV
electronic expansion valve;
HGBD hot-gas bypass defrosting;
OA
Outdoor air
PCM phase change material;
RCD
reverse-cycle defrosting;
RH
relatively humidity
When the system operates under the heating mode, the condensation heat will be absorbed by the ESD and
used as the heat source under the regeneration mode. In addition, the water vapour of the outdoor air is absorbed by
the solid desiccant when the outdoor air flows through the EHECSD, and the dew point temperature of the air after
dehumidification is lower than the evaporation temperature, resulting that the system can realize working at the state
of frost-free.
The heating mode cycle is as follows (Figure 1a):
 Refrigerant: compressor (1) → water tank(condenser) (4) → ESD(6) →EEV(8) →EHECSD (9)→
electronic expansion valve (EEV) (11) → outdoor exchanger (12) →compressor (1).
 Air: Outdoor air (OA)→EHECSD (9) →outdoor exchanger (12)→dry air (DA)→exhausted as exhaust air
(EA).

(a) Heating mode
(b) Regeneration mode
1-Compressor; 2/14-High/Low pressure protection device; 3-Four-way valve; 4-Water tank; 5,13,15,18-Solenoid valve;
6- Energy storage device; 7,10,16-Filter drier; 8,11,17-EEV; 9-EHECSD; 12-Outdoor exchanger
Figure 1 Schematic diagram of the novel frost-free ASHPWH system.

When the dehumidification capacity of the solid desiccant is near saturation, the system is switched from the
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heating mode to the regeneration mode. During this mode, the vapour partial pressure of the solid desiccant surface,
which is heated by the condensation heat, is higher than that of the outdoor air. In this way, the solid desiccant
regeneration can be achieved.
The regeneration mode cycle is as follows (Figure 1b):
 Refrigerant: compressor (1) → water tank(condenser) (4) →EEV(8) →EHECSD (9) →EEV(11) →
outdoor exchanger(12) →EEV(17) →ESD(6) → compressor (1).
 Air: Outdoor air (OA')→outdoor exchanger (12) →EHECSD (9) →exhausted as moisture air (MA).
3. Mathematical modelling
To investigate the effects of the solid desiccant and PCMs on the system performance, a detailed distributedparameter model of the novel frost-free ASHPWH unit developed in an early study [18] was used. This detailed
model consists of the modelling of the rotary compressor, condenser, ESD, EHECSD, evaporator and EEV.
3.1. Compressor model
Compressor is the heart of the ASHP system and a rolling-piston rotary compressor is used in this paper. The
key governing equations used are given as follows.
The working volume of the compressor is calculated by equation (1).The theoretical quality displacement
compressor is calculated by equation (2).The actual displacement compressor is calculated by equation (3).
Vh   H ( R 2 - r 2 )

(1)

Vh n
60v s

(2)

M r  M r 0V

(3)

M r0 

3.2. Condenser/hot water storage tank
The condenser is made up of a serpentine copper tube, which was wrapped around the outer of the water tank.
The copper tube in the condenser was divided into many infinitesimal sections with an equal enthalpy difference.
The refrigerant side heat transfer equation is given by equation (4). The water side heat transfer equation can be
expressed by equation (5).The infinitesimal heat conducting equation is expressed in equation (6).
(4)
Qr  mr ( hr ,in  hr ,out )  r Ai (Trm  Twall )
dT
Qw mw
cp,w w  w Ao (Twall  Twm )

d


Q  Ai Tm

(5)
(6)

3.3. Evaporator model
The refrigerant side heat transfer is described by equation (7).The air side heat transfer is given by equation
(8)[20].
Qr  mr ( hr,in  hr,out )  r Ac (Twall  Trm )


Qa air (Tair  Twall )( Ap cp  Af1 )   r (dair  dwall,sat )( Ap  Af2 ) =（cp,a Tair  r dair）

(7)
(8)

where the latent heating mass transfer coefficient (  ) can be expressed as follows:



air

Le 2/3cpa

(9)
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5

The heat of the refrigerant absorbed from air ( Qa ) is given by equation (10)by taking into account the heat

Qa   Q r

(10)

3.4. EHECSD model
The EHECSD is one of the important parts of the novel system, which was modelled using the method
suggested by Ge [21].
Based on the theories of energy and mass conservation, the moisture conservation in the system is given by
 Ya 
W
Y
0
 a Aa  a  ua
 fd

(11)

z 

 
The moisture conservation in desiccant layer can be expressed as:
W

fd
K yC (Ya  Yd )
(12)

The energy change for the humid air can be estimated as:
T 
 T
 a Aa cpa  a  ua a
(13)
 hC  Td  Ta   KCcpv Yd  Ya    Ta  Td 

z 


The energy change for the refrigerant is described as:
 T
T 
 f Af cpf  f  uf f   hf Cf  Td  Tf 
(14)
z 
 
The energy conservation of the system is given by:
T 
T
T 
 T
 T
 a Aa cpa  a  ua a    f Af cpf  f  uf f    f d  cpd  Wcpl   f m cpm  d  KC Ya  Yd  qst (15)

z

z










3.5. ESD model
ESD is used as a low temperature resource during the regeneration mode to regenerate the solid desiccant. The
phase transformation temperature of PCM should be between the condensing temperature and evaporating
temperature, with the best results from it being 10 °C lower than the condensing temperature. Therefore, in this
study, the PCM used in the ESD was calcium chloride hexahydrate (composed of CaCl2·6H2O as basis and 2% of
SrCl2·6H2O as additive).
The refrigerant side heat transfer equation is given by:
Tf ( x, )
cp,f m

Tf cDi Twall ( x, )  Tf ( x, )
(16)
f ( )
x
The distribution of the temperature field can be estimated as:
Twall ( x, )  Tf ( x, )
R

(17)
Tm  Tf ( x, )
R  Rp  Rpcm ( x, )
The PCM side heat transfer equation can be written as:
r ( x, )
H m 2
rpcm ( x, ) pcm
Tf ( x, ) Di | Twall ( x, )  Tf ( x, ) |


(18)

4. Results and discussions

The match between the desiccant and PCM is very important to the performance of the novel system. If the
desiccant is sufficient, but the volume of PCM is not enough, the system can work frost-free. As the heat storage is
not enough to regenerate the desiccant during the regenerating mode, the system will not be able to continue to
work. On the other hand, if the volume of PCM is sufficient, but the desiccant is insufficient, the time for the system
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working frost-free is becoming short, or even the system will not be able to operate appropriately. Therefore, a good
match between the desiccant and the volume of PCM is essential, which is a prerequisite for system optimization.
Figure 2 shows the variation of the air humidity ratio exiting from the EHECSD with time with different
weights of the solid desiccant when the outdoor temperature is 0°C and RH is 80%. It can be seen that, during the
heating mode, the air humidity ratio increased gradually with the increase of the weight of the solid desiccant.
However, once the system switched to the regeneration mode, the air humidity ratio sharply increased and then
gradually decreased after it reached the peak value. The variation of air humidity ratio at the first 15 minutes was
very small and then changed gradually with time. When the system operated for 26 minutes, the values were 3.42,
1.86 and 1.71 g/kg for the weights of the solid desiccant were 2.2, 2.5 and 2.8 kg, respectively. From Figure 2, the
time of the system working under the frost-free increased with the increase of the weight of the solid desiccant. The
system kept the evaporator frost-free for26, 29, and 33 minutes during the heating mode. During the regeneration
mode, the air humidity ratio reached the similar maximum value of 17.3g/kg in 27.5, 30.7 and 35minutes when the
weights of the solid desiccant were 2.2, 2.5 and 2.8 kg, respectively.

Figure 2 Variation of air humidity ratio exiting
from EHECSD with time at different weights of
solid desiccant.

Figure 3 Variation of COP with time at
different weights of solid desiccant.

Figure 4 Variation of dehumidification
efficiency with time at different weights of
solid desiccant.

Figure 3 shows the variation of COP with time at different weights of the solid desiccant when the outdoor
temperature is 0oC and RH is 80%.The same trends of the variations of the system COP at different weights of the
solid desiccant can be observed, especially in the first 25minutes.However, an obvious difference can be found
when the system switched from the heating mode to the regeneration mode. In the whole cycle, the system average
COP at the desiccant weight of 2.2 kg was 2% and 5%higher than that of 2.5 and 2.8 kg when the volume of the
PCM was 1000 ml. This illustrates that the weight of the desiccant had a limited impact on the system COP.

(a)

(b)
(c)
Figure 5 Variation of water temperature with time at different volumes of the PCM.

(d)

As shown in Figure 4, the dehumidification efficiency was increased from 31.8to 34.7% when the weight of the
solid desiccant increased from 1.9to 3.5 kg. It could be seen that, at the beginning, the dehumidification efficiency
increased fast with the increase of the weight of the solid desiccant used, however the increase rate became small if
further increasing the weight of the solid desiccant. The dehumidification efficiency increased by 6% when the
desiccant mass increased from 1.9 to 2.5 kg, and increased only by 2.81% when the mass of desiccant increased
from 2.5 to 3.4 kg. This indicated that the effect of the mass of the solid desiccant on dehumidification efficiency
became less sensitive. Therefore, there is an optimal weight of the solid desiccant which can provide an acceptable
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dehumidification efficiency.
Figure 5 shows the variation of the water temperature with time at different volumes of the PCM. It can be
found that the main difference among different volumes of the PCM is the water temperature at the end of the
operation. The time of the system operation in one cycle was 37, 40.1, 43.7 and 45 minutes, respectively, when the
volumes of the PCM were 800, 900, 1000, and 1100ml respectively, corresponding to the water temperatures of49.8,
51.9, 54.2 and 55°C. The reason for this phenomenon is that the heat storage was low at the heating mode for
smaller PCM volume, leading to the insufficient heat source during the regeneration mode and resulting in a slow
increase in the water temperature.
Figure 6 shows the variation of the COP with the change of the weight of the desiccant and the volume of the
PCM when the outdoor temperature is 0°C and RH is 80%. It can be seen that the system COP first increased and
then decreased at a given volume of the PCM. This is because the frost accumulated on the surface of the finned
outdoor coil was decreased with the weight increase of the desiccant, leading to a reduction in the thermal resistance
and an increase in the system performance. However, too much desiccant led to the increase of the air resistant,
resulting in the decrease of the evaporation temperature and the decrease in the COP. The system COP increased
from 2.88 to 2.99 when the desiccant increased from 1.9 to 2.2 kg at the volume of 800ml.At a given weight of the
desiccant, the system COP decreased with the increase of the volume of the PCM. It can also be seen that the system
COP reached a maximum value of 2.99 when the weight of the desiccant and the volume of the PCM were 2.2kg
and 800ml, respectively. However, in this case, the water temperature was only 49.8°C at the end of the operation
(seen Fig. 5a). The system COP was 2.87when the desiccant weight was2.2 kg and the volume of PCM was1100 ml.
Although it was below the maximum value, the water temperature was heated to55°C in one cycle which decreased
the irreversible losses.

Figure 6 Variation of COP with the change of the desiccant weight and
PCM volume.

Figure 7 Variation of regeneration efficiency with the change of the
desiccant weight and PCM volume.

To predict the system performance, a correlation of the COP with the amounts of the solid desiccant and the
PCM was obtained through a multivariate linear regression, and is expressed in Eq. (19). The values of the
coefficients used are presented in Table 1.
b c d
e
f
g
h
i
j
(19)
COP  a    2  2 
 3 3 2 2
x y x
y
xy x
y
xy
x y
a
8.71

b
-29.71

c
-6690

Table 1 The values of the coefficients of the Eq. (1)
d
e
f
g
h
i
63.53 3866790 12082.48 -46.26 -1.01e+9 -1068793.4

j
-11066.93

Figure 7 shows the variation of the regeneration efficiency with different weights of the desiccant and different
volumes of the PCM. It is shown that, at the PCM volume of 1100ml, the regeneration efficiency was increased
from 70.6to 74.6% when the weight of the desiccant increased from 1.9 to 2.8 kg, but the regeneration efficiency
was decreased to 72.8%if the desiccant weight further increased to 3.4 kg. In addition, at a given weight of the
desiccant, the regeneration efficiency was increased with the increase of the volume of the PCM. However, if the
volume of PCM increased beyond a certain value, the variation of the slope of the regeneration efficiency became
small. The results indicated that a reasonable match can be achieved when the weight of the desiccant is 2.2 kg and
the volume of PCM is 1100 ml at the RH of 80 % and the ambient temperature of 0°C.
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5. Conclusions

In this study, a novel frost-free ASHPWH unit was presented, and the effect of the match relationship of the
solid desiccant and the volume of the PCM on the system performance was analysed using a mathematical model in
terms of the dehumidification and regeneration efficiencies, water temperature, and system COP. The simulation
results indicated that the system COP reached a maximum value of 2.99 when the weight of the desiccant and the
volume of the PCM were 2.2kg and 800ml respectively, under the relative humidity of 80% and the ambient
temperature of 0°C.However, the water temperature can be heated to55°C in one cycle which can decrease the
reversible losses when the weight of the desiccant is 2.2 kg and the volume of the PCM is1100 ml, although the
system COP was slightly decreased to 2.87.Therefore, the optimal performance of the system can be achieved when
the weight of the solid desiccant and the volume of PCM were2.2kg and 1100 ml, respectively.
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